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In order to investigate the absolute value for the total and exchange-correlation energies
of small transition metal clusters, an all-electron mixed-basis approach with the
generalized gradient approximation (Perdew–Wang’s GGA-1) is applied for the first time
to small Cu clusters. We find that the GGA significantly deepens (2.57–2.59 a.u. per
atom) both the total and exchange-correlation energies obtained with the local density
approximation. A better agreement is obtained with experiments for the binding energy of
Cu2 when the spin-dependent calculation is used for an isolated Cu atom.I. INTRODUCTION
It has been an important issue to describe theoreti-
cally the electronic states of atoms and small clusters
from first principles in many particle quantum physics.
Recently, the first-principles approach has been widely
used with the advancement of computer technology
and the computational algorithm based on the density
functional theory (DFT).1 Especially, the local density
approximation (LDA)2 or the local spin-density ap-
proximation (LSDA)3 has been applied successfully to
many systems to calculate ground state properties and
cohesive (or binding) energies. In a homogeneous or
very slowly varying electron charge density distribution,
the exchange correlation functional determined by the
information from the simple jellium model seems to
be accurate. However, the LDA (or LSDA) does not
represent sufficiently a strongly varying charge density,
especially either in the core region or in the low-density
region. In order to overcome this difficulty to some
extent, the generalized gradient approximation (GGA)
has been proposed by Perdew and Wang.4–6 So far, the
GGA has been used successfully in many clusters and
crystals.7–9 One problem in incorporating the GGA is that
one has to use an accurate all-electron charge density.
In the present paper, we report for the first time a for-
mulation of the GGA all-electron mixed-basis approach,
and present a result of small Cu clusters as an example.
The all-electron mixed-basis approach10,11 adopts both
the numerical atomic orbitals (AO’s) determined by
an accurate atomic code and the plane waves (PW’s)
as a basis set. [The present approach is somewhat
different from our previous one which used the Slater-
type atomic orbitals (STO’s) and was applicable mainlyJ. Mater. Res., Vol. 14, No. 3, Mar 1999to the second row elements such as carbon clusters.12,13]
The all-electron mixed-basis approach itself has the
following advantages: (i) full account of core electrons,
(ii) feasibility of describing extended electronic states,
and (iii) reduction of the number of PW’s compared to
the pseudopotential approach.
There was a GGA study of small Cu clusters,9 but
this study was based on a Gaussian basis. For metallic
clusters, electronic states are rather delocalized, and the
present mixed-basis approach may have an advantage to
describe them. There was also a pseudopotential analy-
sis14 of Cu clusters, but only with the LDA. We will
present here also the results of spin-dependent calcula-
tions with the GGA.
II. METHODOLOGY
Louie et al.15 first introduced within the pseudo-
potential scheme a mixed-basis approach which uses
AO’s together with PW’s as a basis set. They could
treat 3d valence states of transition metal elements
rather accurately by using Gaussian-type atomic orbitals
(GTO’s). We have extended their idea and developed in-
dependently an all-electron mixed-basis approach. Here,
in our approach, all the core- and valence-state wave
functions are described by the numerical AO’s, which are
determined accurately by an atomic code at the outset,
as well as PW’s:
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K. Shiga et al.: Absolute total energy of small copper clusters in an all-electron mixed-basis approachFigure 1 represents schematically the spatial distributions
of an AO and a PW. For the transition metal elements,
for example, the 1s, 2s, 2p, 3s, 3p, and 3d AO’s are
determined by an accurate atomic code. Here, we do not
use a frozen-core approximation. We checked, however,
that the total energy does not change, even if we used the
frozen-core approximation. The charge density made by
the AO’s, the symmetric part of potential and the numeri-
cal AO’s are calculated on the logarithmic mesh, and all
the remaining parts are treated on a global mesh (either
in Fourier space or in real space) similar to the usual
PW approach. It enables us to calculate all the matrix
elements and the total energy very accurately. The details
of the present all-electron, mixed-basis calculation will
be presented elsewhere.10
The GGA has a possibility to “go beyond” the
LDA within the DFT formalism. To be explicit,
now we briefly explain how we introduce the GGA
(PW GGA-1) in the all-electron mixed-basis scheme.
The exchange energy is given in the GGA as4,5
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where the function Fssd is given by
Fssd ­ s1 1 1.296s2 1 14s4 1 0.2s6d1/15 , (3)
and s is defined as
s ­
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, (4)
with kF ­ [3p2rsrd]1/3. On the other
hand, the correlation energy is given by4
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where eLDAsrd denotes the Ceperley–Alder-type16 LDA
correlation energy density parameterized by Perdew and
FIG. 1. Schematic illustration of spatial distributions of an atomic
orbital (AO) and a plane wave (PW).J. Mater. Res., Vol. 1Zunger,17 and the function Csrd and Fsrd are given,
respectively, by
Csrd ­ 0.001667
1
s0.002568 1 ars 1 br2s d
s1 1 grs 1 dr2s 1 104br3s d
, (6)
(a, b, g, d are the parameters presented in Ref. (5) and
Fsrd ­ 1.75ffCs‘dyCsrdg=rjyr7/6 , (7)
where we adopted Perdew’s choice5 for the value of
f , i.e., f ­ 0.11. The corresponding exchange and
correlation potentials are derived by differentiating (2)
and (5) with respect to the density rsrd, and their explicit
forms are written in the paper by Perdew and Wang.4,5
Figure 2(a) represents schematically the total charge
density distribution of a two-atom cluster. A part of Fig.
2(a) is extracted in Fig. 2(b). As is demonstrated in
this figure, the total charge density is cut by a spherical
surface of radius Rc by a smooth cubic interpolation, and
is separated into the symmetric and the rest parts. The
symmetric part is partially differentiated with respect to
the radial coordinate r , and the rest part is differentiated
with respect to Cartesian coordinates (x, y, z). The
(a)
(b)
FIG. 2. Decomposition used in the evaluation of charge density
derivatives: (a) the total charge density distribution, and (b) the
decomposition of the total charge density into the symmetric part
and the rest part for which the derivatives are evaluated separately in
the logarithmic radial mesh and in the Cartesian coordinates.4, No. 3, Mar 1999 981
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adding these two parts.
III. CALCULATIONS AND RESULTS
We apply the present GGA all-electron mixed-basis
code to an isolated copper atom, dimer, and tetramer.
In all of these calculations, we used a supercell of size
7.53 3 7.53 3 7.53 A˚3. The number of PW’s adopted
here is 3171, which corresponds to a cutoff energy
of 15.8 Ry. The 1s, 2s, 2p, 3s, 3p, and 3d AO’s
are determined by Herman–Skillman’s accurate atomic
code.18 The cutoff radius for the symmetric part of the
charge density and potential is set to be Rc ­ 3.2 a.u.
First, we show in Table I the exchange and correla-
tion energies for an isolated copper atom calculated by
the present method. The agreement between the present
results and the results obtained with the atomic code is
excellent. The difference between the LDA and GGA
in the exchange-correlation energy is about 2.59 a.u.,
where 1 a.u. ­ 2 Ry ø 27.20 eV. In the same table,
we list the exchange-correlation energy obtained for
copper dimer and tetramer. We find that the exchange-
correlation energy of Cu2 is slightly deeper than the
twice of the value for a single atom; the difference is
about 0.05 a.u.
The total energy is estimated separately in the LDA
and the GGA for various bond lengths; the result is
shown in Fig. 3. The estimated equilibrium distances
are 2.25 6 0.05 A˚ and 2.20 6 0.05 A˚, respectively, in
the GGA and the LDA. The experimental bond length
is 2.22 A˚,19 which agrees with our results within the
estimation error. The absolute values for the total energy
at these points are, respectively, 23280.832 a.u. and
23275.682 a.u. in the GGA and LDA. The former
(GGA) total energy is about 5.14 a.u. deeper than the
TABLE I. Exchange-correlation energy for an isolated copper atom,
dimer, and tetramer in the atomic unit (a.u.).
Mixed-
Atomic basis
code code
Result on an isolated Cu atom:
with the LDA (Ceperley –Alder):
Exchange energy 261.811
Correlation energy 2 2.545
Exchange-correlation energy 264.355 2 64.355
with the GGA (PW GGA-1):
Exchange energy 265.412
Correlation energy 2 1.531
Exchange-correlation energy 266.943 2 66.943
Result on Cu2 with the GGA (PW GGA-1):
Exchange-correlation energy 2133.940
Result on Cu4 with the GGA (PW GGA-1):
Exchange-correlation energy 2268.00982 J. Mater. Res., Vol. 1(a)
(b)
FIG. 3. Numerical results on the total energy of Cu2 as a function of
the bond length (a) with the LDA and (b) with the GGA.
latter (LDA). The total energy of an isolated Cu atom is
obtained in the GGA as 21640.363 a.u. with the mixed-
basis code, while, in the LDA, the corresponding value
is given by 21637.779 a.u. (this value coincides well
with the value obtained by Herman–Skillman’s atomic
code). The estimated binding energy is given by 2.9 eV
in the GGA (3.2 eV in the LDA, which is fairly in good
agreement with the previous pseudopotential result14).
All the above calculations are based on spin-
independent calculations. But, for estimating a more
accurate total energy of the isolated Cu atom, LSDA
calculations are necessary. If we perform the spin-
dependent calculation, the total energy of an isolated
Cu atom is obtained in the GGA as 21640.371 a.u. and
21637.786 a.u. in the LDA with the spin-dependent
calculation in the all-electron mixed-basis approach.
For Cu2, the resulting value 23280.830 a.u. for the
total energy with the spin-dependent calculation is
essentially the same as that with spin-independent
calculation. The estimated binding energy is given by
2.4 eV in the GGA, while the experimental binding
energy is about 2.1 eV.19,20 Finally, within the GGA, the
vibration frequency is estimated to be 280 6 20 cm21,
which coincides with the known experimental value,19
265 cm21, within the estimation error.4, No. 3, Mar 1999
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same condition. We found that the structure of Cu4 pre-
dicted in Ref. 9 is energetically stable also in our method.
The estimated total energy of Cu4 is 26551.462 a.u.
in the LSDA (the LDA value is precisely the same),
while the total energy of Cu4 is 26561.712 a.u. in the
GGA both with and without the spin dependence. The
estimated binding energy is given by 6.3 eV in the GGA
and 8.7 eV in the LSDA, which are slightly different
from the previous report9 (6.1 eV in the GGA and 7.8 eV
in the LSDA), which is obtained by using the LCAO
approach. We checked that the present result does not
depends on the choice of the unit-cell size.
IV. CONCLUDING REMARKS
In the present work, we have successfully formulated
and applied the GGA all-electron mixed-basis approach
to small Cu clusters. We calculated the total energy of
Cu dimer and tetramer, and found that the GGA and the
spin-dependent calculation certainly improve the binding
energy. The absolute value for the calculated total energy
for a Cu dimer system is significantly deeper in the GGA
than in the LDA. (The difference is about 5.14 a.u.) As
far as we know, this is the first report presenting the
absolute values for the total energy of Cu clusters.
From the analysis presented here, it is clear that
the all-electron mixed-basis approach enables one to
calculate the absolute total energy rather accurately by
incorporating the GGA. We are now planning to apply
the present approach to the ab initio molecular dynamics
simulations by calculating force acting on each atom.J. Mater. Res., Vol. 1ACKNOWLEDGMENT
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